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De crlptl n 

Background of the Invention 

Several methods are currently available which can be used to study point mutations in a DNA molecule. 
For example, it is possible to isolate a variant cell recognized by a DNA sequence of interest, such as one 
thought to contain a mutation, and then sequence the cloned product using known techniques. Alternatively, 
DNA to be analyzed, such as tumor DNA, can be cloned, amplified and sequenced, also using known techni- 
ques. Although it is possible, using presently-available methods, to study Individual DNA mutations and to de- 
termine a mutational spectrum or profile or alterations in a selected DNA sequence, to do so is time-consuming 
and tedious. This is due at least in part to the fact that a large number of mutants, each of which must be isolated 
one at a time, must be analyzed in order to get a statistically reproducible spectrum. For example, it Is reason- 
able to assume that approximately 1 0 mutants per base pair (bp) of DNA sequence is necessary to give a stat- 
istically reproducible result. Thus, in the case in which the mutational spectrum of a 100 bp DNA sequence is 
to be determined, approximately 1000 mutants must be assessed. Using presently-available methods, each 
assessment requires considerable time (e.g., 1 day per mutant analyzed) and, thus, carrying out the 1000 as- 
sessments needed for a 100 bp DNA sequence is work-intensive. 

In addition, presently-available methods are limited to cases in which a particular mutation is present in 
the germ cell of an individual or other cases in which the frequency of a particular mutation Is relatively high 
(e.g., exceeding 0.1%). An example of such a method is disclosed by Cariello et al.. Am. J. Hum. Genet 42 
726-734 (1988). 

Amethod which would facilitate the detection of point mutations occurring at much lower frequencies, such 
as occur in nature, would be extremely valuable, particularly In situations such as those in which exposure to 
a toxic substance results in a useful diagnostic set of alterations or single base changes in genetic material. 

Summary of the Invention 

The present invention pertains to a method for determining the identity and frequency of one or more mu- 
tations in a DNA sequence of interest comprising: 
30 a) providing fragmented double-stranded DNA which is a mbcture of mutant DNA-containing fragments and 

nonmutant DNA-containing fragments; 

b) denaturing and annealing the double stranded DNA fragment under conditions appropriate for hetero- 
duplex formation; 

c) separating the products of step b) by denaturing gradient gel electrophoresis thereby separating het- 
35 eroduplex from homoduplex molecules; 

d) isolating heteroduplex molecules from the separation described in step c); 

e) amplifying the Isolated heteroduplexes by polymerase drain reaction under conditions appropriate for 
polymerization with an error rate of 3 x errors per base pair or less; 

f) denaturing and reannealing the products of step e) under conditions appropriate for heteroduplex for- 
40 mation; 

g) separating the products of step f) by denaturing gradient gel electrophoresis; 

h) isolating individual heteroduplex species from the denaturing gradient gel; 

i) separately amplifying the individual heteroduplex species isolated in step h) under conditions appropriate 
for polymerization with an error rate of 3 x 10-^ errors per base pair or less; 

45 j) determining the nucleotide sequence of the DNA sequence of interest firom each of the separately an> 
plified individual heteroduplex species from step 1); 

k) comparing the nucleotide sequence of each of the separately amplified individual heteroduplex species 
determined in step j) with the nucleotide sequence of the nonmutant form of the DNAsequence of interest 
to determine the identity and frequency of mutations in the DNAsequence of interest 
50 The present method is useful for separating and identifying selected mutant DNA sequences from a com- 
plex mixed DNA population which contains the selected or target mutant DNA sequence(s), mutant DNA se- 
quences other than the selected mutant DNA sequences and non-mutant DNA sequences. The method of the 
present invention has far gr ater sensitivity (I.e., is abl to resolv mutants present at a much lower frequency) 
than previously-availabi methods. Using th method of the present invention, 100 mutant nucleotide se- 
55 quences among 1 00,000,000 nonmutant nucleotide sequences have been resolved and, based on subsequent 
observations in human cell exp riments, it appears to have a r solving pow r of at I ast 100 times gr ater (i.e., 
1 00 mutant DNAsequ nces in 1 0,000,000,000 nonmutant DNA sequences). The subject method makes it pos- 
sible to resolve DNA in those contexts in which the mutational frequency is approximately 1 to 1x10^ and ap- 
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proximately 100 copies of selected mutant DNAsequenc , referred to as a target DislAsequenc , occur in the 
sample being analyzed. 

As a result, it is possible to resolv mutant DNA sequences and establish mutational spectra in a cell pop- 

5 ulation drawn dir ctly from human or other animal tissue. In th method of the present Invention, mutant DNA 
sequences are those which differ by one or more nucleotides from the corresponding naturally- occurring, un- 
altered DNA sequence. These differences include nucleotide modifications, deletions, substitutions or inser- 
tions. The present invention further pertains to a method of identifying one or more mutations (i.e., alterations 
or changes from the corresponding naturally- occurring) which confer a selective advantage or disadvantage 

10 on cells in which the mutations(s) is present 

DNA to be analyzed Is isolated from cells In which it occurs, is processed, if needed, in such a manner as 
to make it accessible to restriction endonucleases or other agent capable of cutting the DNA in a sequence- 
specific manner and cut with one or more appropriately-selected restriction endonucleases or other sequence- 
specific agent to produce DNA fragments. Optionally, the resulting mixture of fragments of varying sizes can 

15 be separated or fractionated on the basis of molecular weight, using known techniques, and fragments of ap- 
propriate predetermined size are selected. The resulting digestion products orfragments are heated and cooled 
under controlled conditions to allow nonmutant molecules and mutant molecules to form heteroduplexes. The 
mixture of fragments (or the fragments selected on the basis of size if the optional separation step is carried 
out) is separated into heteroduplexes and homoduplexes by means of denaturing gradient gel electrophoresis, 

20 (DGGE), which results in an initial separation of most (e.g., 99% or more) of the nonmutant(wild type or normal) 
DNA in the total DNA from the mutant DNA). The heteroduplexes obtained, which Include mutant-containing 
and nonmutant complexes, are used for further assessment according to the present method and determina- 
tion of the mutational spectrum. The profile or pattern of mutations in heteroduplexes which are mutant-con- 
taining can be established by making the mutations "visible" (detectable) by means of high fidelity. DNA anv 

25 plif ication followed by a second separation of heteroduplexes from homoduplexes using DGGE and sequence 
determination; use of appropriately-labeled probes (e.g., fluorophore-labeled or isotopically-labeled wild type 
DNA) and a detection means capable of detecting and recording the label used; or other known techniques. 

In another aspect, the present invention is a method for identifying a mutation which results in a selective 
advantage or disadvantage for cells in which the mutation is present, comprising: 

30 a) determining the identity and frequency of mutations in a first sample of a cell population after exposure 

to a mutagen by the method of claim 1; 

b) expanding a second sample of the cell population by multiple generation growths; 

c) determining the identity and frequency of mutations in the second sample of the cell population following 
multiple generation growths by the method of claim 1 ; and 

35 d) comparing the identity and frequency of mutations identified in step a) with the Identity and frequency 

of mutations determined in step c) to Identify mutations which result in a selective advantage or disadvan- 
tage for cells in which the mutation is present, a decrease In the frequency of a particular mutation following 
multiple generation growths being indicative of a mutation which results in a selective disadvantage, and 
an increase in thefrequency of a particular mutation following multiple generation growths being indicative 

40 of a mutation which results in a selective advantage. 

In another aspect, the present invention provides a method for identifying a conditional mutation compris- 
ing: 

a) providing a celt population; 

b) expanding a first sample of the cell population by multiple generation growths under permissive condi- 
45 tions; 

c) expanding a second sample of the cell population by multiple generation growths under restrictive 
growth condition; 

d) separately determining the identity and frequency of mutations in the first and second samples of the 
cell population following multiple generation growths by the method of claim 1 ; and 

50 e) comparing the Identity and frequency of mutations Identified in the expanded first sample of the cell 
population with the identity and frequency of mutations identified in the expanded second sample of the 
cell population, a decrease in the frequency of a particular mutation In the expanded second sample rel- 
ative to the expanded first sample being indicative of a mutation which results in a selective disadvantage, 
and an increase in the frequency of a particular mutation in th expand d second sample relative to the 
55 expanded first sampi b ing indlcativ of a mutation which results in a selective advantag . 

Th m thod of the present invention makes it possible to detect mutations In DNA which occur at frequen- 
cies which cannot asily be det cted using presently-availabi techniques. The m thod is, therefor . particu- 
larly useful in those contexts in which minor changes or differences In nuci otide s quence, such as a point 
mutation or limited number of altered nucleotides, are associated with or the cause of a particular event, such 
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as exposure to a material known or thought to be toxic or the occurrence of a particular disease. The present 
method can be used as a diagnostic toot in assessing results of occupational or environmental exposures to 
genetically toxic or harmful materials, as a diagnostic tool in a forensic context, as a m ans of carrying out 
5 pharmaceutical testing and as a tool in biot chnology for determining th r lationshipb tw en amino acid se- 
quence and function of proteinaceous materials, such as enzymes. 

Brief Descriptj^on of t he Drawings 

10 Figure 1 is a schematic representation of the method of the present invention. 

Figure 2 is a diagram showing (A) the melting map for the 184 bp wild-type HPRT exon 3 sequence, and 
(B) the positions of primers (P) used to amplify the exon 3 sequence. 

Detailed Descr[pjion p^theJnY®n?'°D 

15 

The present invention is based on the fact that It is possible, through the use of DGGE, to separate nucleic 
acid sequences which differ by only a single base change and on the ability to detect the separate mutant mol- 
ecules either by increasing the number of copies by DNA amplification or by means, such as a fluorescent 
marker and laser excitation and fluorescence detector, sufficiently sensitive to detect mutations which occur 
20 at a low frequency. 

Briefly, the present method includes the following steps, which are represented schematically in Figure 
1. DNA to be analyzed for the presence of a mutant sequence or mutant sequences (DNA of interest) is ob- 
tained, using known techniques, from a tissue, body fluid or other sample (e.g., bacterium, virus, other micro- 
organism). The number of cells needed for analysis is dependent on the particular application (particular mu- 

25 tation(s) to be detected) and the numbers of copies of the DNAsequence of interest (i.e. . the DNA sequence 
to be analyzed for the presence or absence of mutation(s) present per cell. In general, it is desirable to have 
at least 10 mutants present in the DNA sequences for each base pair in the DNA sequence of interest. In this 
way, it is possible to establish a sufficiently precise mutational spectrum, in which the frequency of a mutation 
which occurs as 1% of the total mutants present would be estimated with a standard deviation of approximately 

30 15%. 

DNA to be analyzed can be that obtained from any type of cell in which DNA is the genetic code and can 
be of nuclear or non-nuclear origin (e.g., from mitochondria, chloroplasts). As used herein and particularly with 
reference to Figure 1, the term genomic DNA refers to any DNA constituting the hereditary material in a cell 
and includes all DNA in a cell, including that in organelles. For assessment of mutations in humans and other 

35 mammals, mitochondrial genes are the preferred DNA source because of the high copy number in each cell, 
which means that the tissue sample size required is smaller and DNA isolation is less difficult than would be 
the case if another DNA source were used. 

DNA to be analyzed is fragmented or digested, generally by cutting with a selected restriction endonu- 
clease(s) or other agent which can recognizably cut DNA, such as a sequence-specific chemical agent. The 

40 resulting digestion product includes fragments of varying length, only some of which include the DNAsequence 
in which the mutation(s) of interest, if present, occur. The fragmented DNA can, optionally, be separated initially 
on the basis of molecular weight to remove fragments of inappropriate size. For example, the digestion mixture 
can be electrophoresed through an agarose or acrylamide gel along with known molecular weight standards. 
The portion of the gel containing the DNAsequence of interest (and any other fragments of comparable mo- 

45 lecular weight) can then be excised from the gel by, for example, being cut out. The DNA contained within the 
excised gel portion can then be purified from the gel material, for example, by eiectro-elution into dialysis tubing 
followed by ethanol precipitation. 

The desired DNA fragments, or DNA fragments of interest, are selected on the basis of known DNAse- 
quence, as well as suitability for recognition of mutants in denaturing gradient electrophoretic gels and for anv 

50 plification underconditionsof high fidelity, copy number and the occurrence of polymorphisms. For example, 
suitability for recognition in denaturing gradient electrophoretic gels is assessed by determining that a low melt- 
ing domain approximately 100 to 1000 base pairs (bp) in size is in close proximity to (generally, contiguous to) 
a higher melting domain approximately 50 bp or more in size in such a manner tht when the low melting domain 
of the fragment in which they occur melts on a gradient denaturing gel, the fragment has characteristically re- 

55 duced mobility in the potyacrylamide electrophoretic gel. The characteristically reduced mobility is used to iden- 
tify fragments containing mutant DNA. Preferably, there are also appropriately located restriction nzyme sites 
or other DNA sequences suitabi for cl aving the mutation-containing s gment (target DNA) from the isolated 
DNA fragment as a single DNA fragment. 

As to the other criteria on which DNA fragments of inter st ar selected: the fragments must be suitable 
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for high fidelity amplification because they are scr ened iteratively; the copy numb r must be sufficiently high 
(e.g.. in genetic toxicity applications, the number of DNA sequences of interest are present at many more than 
1 00 copies per cell); and ther should be f w or no genetic polymorphisms in the DNA of interest, sine som 

5 inherited variation in multi copy sequ nces may interfer with assessment fth mutational spectrum. 

The digestion product, which can be the entire mixture produced as a result of the enzymatic or chemical 
fragmentation of genomic DNA or a portion of the mixture selected to contain fragments of the correct size 
(i.e., obtained via the optional separation step), is subsequently processed to maximize formation of hetero- 
duplex molecules. In general, this will be carried out by boiling the digestion product and allowing it to cool 

10 under controlled conditions, resulting in denaturat'on (separation into two strands) of the double stranded DNA 
and reannealing of strands to form duplexes. Nonmutant DNA forms complexes with mutant DNA. which, as 
a result, is uniformly present in a heteroduplex. In most contexts in which the present method is used, wild 
type DNA (non mutant DNA) is present in excess and heating and cooling of the digestion product can be car- 
ried out without the need for additional wild type sequences. In those instances in which this is not the case 

15 (e.g., assessment of enzyme structure) addition of wild type homoduplexes prior to heating and reannealing 
may be necessary to ensure that a molar excess (^10X) of wild type sequences is present and. thus, reduce 
formation of mutantmutant duplexes. 

Mutant-containing heteroduplex molecules are then separated from wild-type homoduplex molecules by 
denaturing gradient gel electrophoresis or other process by which double-stranded DNA fragments can be 

20 separated on the basis of a small difference in sequence. As the molecules migrate into the denaturing gra- 
dient, the heteroduplex molecules, which contain at least one mismatched base pair, melt at a tower denaturant 
concentration than that at which the wild-type homoduplex molecules melt. By the time the wild-type homo- 
duplex melts, there is a significant physical separation between it and the two mutant heteroduplex pairs, which 
have reasonably unique (identifiable) positions on the gel. 

25 (Because of the presence in double-stranded DNA of a Watson and a Crick strand, two heteroduplexes, 

which can differ in the distance they move in the gel, are formed for each mutant.) 

Following separation, the portion of the gel containing the wild-type homoduplex fragments is excised and 
discarded. The heteroduplex molecules present in the remaining gel material can be visualized (i.e., their char- 
acteristics, such as size and nucleic acid sequence, can be assessed) by one of two procedures, which are 

30 described below. 

In one embodiment of the present method, as represented in Figure 1. Steps 7-9, the DNA present in the 
selected heteroduplexes is amplified and visualized. Initially, the DNA in the heteroduplexes is amplified using 
a high fidelity DNA amplification method. The high fidelity amplification product is heated and cooled, to pro- 
mote or maximize formation of heteroduplexes which contain mutant:nonmutant DNA sequences. In general, 

35 wild type (normal) DNA is present in sufficient quantities; in those cases in which wild type DNA is not in excess, 
it is added before heating and cooling are carried out. In either case, this results in production of a greater 
number of mutant-containing heteroduplexes, which are a mixture of heteroduplexes (selected or target mutant 
DNA sequences and other mutant DNA sequences). The heteroduplexes are subjected to DGGE or other pro- 
cedure capable of separating DNA fragments on the basis of a small difference in nucleic acid sequence. This 

40 results in separation among mutants, which are then individually visualized using known techniques, such as 
use of an isotopically labeled probe and autoradiography. 

The oligonucleotide primers used in the amplification procedure (e.g., Steps 7 and 9) can be cheriiically 
synthesized. To facilitate the identification of mutant-containing heteroduplex bands in subsequent denaturing 
gradient gels, the oligonucleotide primers can be labelled with a reporter group (e.g.. Step 7), such as a ra- 

45 dioactive material, using well known techniques. Such reporter groups are well known to those skilled in the 
art. 

The primer is added to the purified DNAmixture, enriched in mutant heteroduplex molecules, in a sufficient 
molar excess to prime DNA synthesis efficiently. The mixture is heated to denature the mutant heteroduplexes 
and allowed to cool slowly. 

50 Any of a variety of DNA polymerases can be used in the amplification protocol. These include T4 DNA 
polymerase (Keohavong et al., DNA, 7:63-70 (1988)); modified and unmodified T7 DNA polymerase (Keoha- 
vong et aL, Gene, 71:211-216 (1988)); the Klenow fragment of DNA polymerase I (Saiki et aL. Science, 
230:1350-1354 (1988); Mullis et al., M_etho_ds_Enzympl., 155:335-350 (1987)); and Taq DNA polymerase (Saiki 
et al., Scienc 239:487-491 (1 988)). Following amplification, amplified sequences in the amplification mixture 

55 Include mutant homodupl x molecules, and wild type homoduplex molecules. Th mixture is then heated and 
cooled under conditions appropriate for heteroduplex formation. As a result of the excess of wild-type hydrogen 
bonding partners, essentially all mutant-containing strands anneal with a wild-typ strand to form heterodupl x 
molecules. 

When this mixture is run on a denaturing gradient gel, a series of bands r suits. Homodupl x mol cul s 
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migrate further in the gel and achiev greater penetration into th d naturing gradient than th bands which 
represent the heterodupl x molecules. For each Individual mutation within th DMAs quenceofint rest, two 
labelled heteroduplex bands occur on the autoradlograph. 
5 The reason for this Is that each strand of mutant homoduptex, following d naturation and annealing, forms a 
unique heteroduplex molecular species. Each of the two heteroduplex species melts at a characteristic tenn- 
perature and the two species are resolvable by DGGE; each Is a band with a characteristic location on the 
gel. 

Individual band(s) containing the mutant DNA is/are recovered (e.g., by isolating radioactive bands by cut- 
10 ting, electrocuting DNA from each slice and recovering the DNA from each by ethanol precipitation). 

In an alternative embodiment of the present method, also represented in Figure 1, DNA in mutant-con- 
taining heterodupl exes is visualized without the need for amplification. In this embodiment, a reporter or mark- 
er molecule and a device sufficiently sensitive to detect mutants present at the unampllf led levels (e.g., at ap- 
proximately 1 mutant nucleotide sequence In 100,000,000 nonmutant nucleotide sequences) are used. For ex- 
is ample, a fluorescent molecule can be used to label the heteroduplex molecules (e.g., by combining denatured 
or single stranded mutant DNA with an excess of normal or wild type DNA bearing a fluorescent label, under 
conditions appropriate for formation of heteroduplexes). Ascanning separation device In which the emitted light 
of the fluorophore Is made specific by appropriate filters can then be used to detect the f luorescently-Iabeled 
mutant-containing heteroduplexes. Alternatively, it is possible to use another charge couple device or other 
20 discriminator devices capable of detecting and recording a small number of photons of specific wave number). 
The mutant DNA to be resolved by the subject method can be obtained by known techniques from a wide 
variety of sample types, including a mixture of DNA produced by genetic engineering or recombinant DNA meth- 
od; an animal tissue or body fluid sample; a water sample; or any other DNA-containing material. 

In the case in which alteration(s) in a specific gene or DNAregton are to be resolved, DNA obtained from 
25 a sample to be analyzed is digested with one or more restriction endonudeases whose recognition sequences 
flank that gene or DNA region. These recognition sequences need not be located precisely at the boundaries 
of the gene or region. 

As described in detail in the Exemplification, the present method has been used to separate mutant se- 
quences created during polymerase-mediated amplification of the human HPRT gene exon 3 sequence from 

30 the correctiy amplified sequence. As described, exon 3 of the human HPRT gene was amplified using T4 DNA 
polymerase, modified and unmodified T7 DNA polymerases and Klenow fragment 

Separation of polymerase-induced mutant sequences from correctly amplified sequences was maximized 
by analyzing the PGR products as heteroduplex mutantwild-type sequences using DGGE. Each band isolated 
from denaturing gradient gels was amplified (using PGR) an additional 10^ to 1 0^-fold and separated by another 

35 DGGE. Results showed that the present method, in which HPRT exon 3 was amplified using modified T7 DNA 
polymerase, can successfully detect a mutant fraction of 10-^ after being amplified a first time and can detect 
a mutant fraction of 10-^ after being amplified an additional 10^ fold and separated by a second DGGE. 

The present invention, in another aspect, relates to a method for determining a mutational spectrum in a 
DNA sequence of interest present in a population of ceils. The term "mutational spectrum", as used herein refers 

40 to the compilation of data reganding small alterations in nucleic acid sequence (e.g., point mutations) identified 
within the DNA sequence of interest. For example, assume that a DNA sequence of interest is 100 bp in length, 
and 4 point mutations are identified within that sequence using the method of the subject invention. Assume 
further that no single molecule Is identified as having more than one point mutation. The mutational spectrum 
of the 100 base pair region comprises a compilation, or list, of the four mutations which includes the position 

45 of the mutation (e.g., nucleotides 1,9,47,63). as well as the specific nucleotide change found to occur at the 
particular position (e.g. A-^G; G->A; T-^A; G-^G, respectively). 

To determine a mutational spectrum, the steps described above for detecting resolution of a mutant DNA 
species from a non-mutant DNA species are carried out Following resolution by denaturing gradient gel elec- 
trophoresis, gel portions containing labelled heteroduplex bands are excised individually and DNA is purified 

50 from the gel material. To determine an individual mutation responsible for the heteroduplex structure, the DNA 
sequence of the region of interest is determined from the purified DNA. The DNA sequence can be determined 
by a number of methods, such as the well known dideoxy chain termination method. 

By comparing the sequence determined in this manner with the known wild-type (nonmutant) sequence, 
individual mutations can be characterized. The results of such analysis, when compiled, represent a determi- 

55 nation of the mutational spectrum of the DNA sequenc of interest Th nonmutant sequenc to which the s - 
quence of mutated DNA is compared can be that obtained by analysis of normal (nonmutant) DNA from th 
individual whose DNA is being assessed. That is, the individual can serve as his or her own reference or control. 
For example, the mutational spectrum of DNA In ceils obtained from a tumor in th individual can b compared 
with nonmutant DNA from that individual. Alternatively, the Information obtained from DNA from an individual, 
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suspected of containing one or more mutations, can be compar d with an " stablished" mutational spectrum. 
Such an established spectrum is th pattern or profile, previously stabllshed by assessing a sufficient number 
of samples from individuals known to hav been exposed to th same gen ticaliy toxic substance or event, of 

5 mutations known to be associated with the exposure or event for which the individual is being assessed. For 
example, in the case of an individual with a particular adverse effect (e.g., a liver tumor) thought to be caused 
by occupational exposure to a particular chemical, the results of analysis of the individual's DNA by the present 
method (i.e., the Individual's mutational spectrum) is compared with the mutational spectrum previously shown 
to be associated with the exposure of Interest. Alternatively, if such an established mutational spectrum is not 

10 available, the individual's mutational spectrum can be compared with the mutational spectrum of normal cells 
of the same type from the individual, grown In the presence of the suspected mutagen and analyzed by the 
present method. 

The method of the present invention is useful as a diagnostic or analytical tool in forensic science in as- 
sessing environmental and/or occupational exposures to potentially genetically toxic materials (also referred 
15 to as potential mutagens); in biotechnology, particularly in the study of the relationship between the amino 
acid sequence of enzymes and other biologically-active proteins or protein-containing substances and their 
respective functions; and in determining the effects of drugs, cosmetics and other chemicals for which toxicity 
data must be obtained. 

20 Uses of t he Present Met hod 

The method of the subject invention can be utilized to determine a mutational spectrum for an individual 
who has been exposed to chemicals or other conditions suspected of being mutagenic. Such determinations 
provide information on specific effects of carcinogens. For example, if it is suspected that exposure to a ge- 

25 netically toxic material is the cause of a liver tumor in an individual, it is possible, using the present method, 
to identify the mutation(s) present In the parenchymal cell population In the individual, to establish the muta- 
tional spectrum for that individual and to compare the spectrum with an appropriate reference to determine 
the relationship between the exposure and the resulting abnormality. It is necessary, in an instance such as 
this, to know the history of effects (typical effects) of the genetically toxic material(s) on liver cells (e.g., a pre- 

30 established mutational spectrum) or to grow normal liver cells from the individual in the presence of the ma- 
terial(s) and determine the resulting mutational spectrum. Comparison with either reference makes it possible 
to determine the extent of similarity between the reference and the spectrum of the abnormal liver cells from 
the individual. 

It is also possible to determine the mutational spectrum for T cells from an individual having a liver tumor 
35 suspected to have been caused by exposure to one or more genetically toxic materials, rather than analyzing 
liver cells. 

In either case, comparison of the spectrum determined for the individual with an appropriate reference 
will show whether the suspected toxic material did or did not cause a significant number of mutations. A lack 
of similarities between the two is a clear indication that the suspected material(s) were not causative agents. 

40 Consistent presence of a particular spectrum with consistent occurrence or causation of a particular abnor- 
mality (e.g., a liver tumor) provides the basis for concluding that the material is a causative agent The extent 
to which DNAanalysis must be carried out will vary. For example, if there is a well-established spectrum unique 
to cells exposed to a particular substance, analysis of the corresponding DNA fragment in an individual sus- 
pected of being exposed to that substance will provide valuable information on which to assess exposure and 

45 its effects. In those cases in which there is no well-established and/or characteristic spectrum, the method of 
the present invention is used to assess, for example, tumor cells and determine the mutational spectrum; to 
establish or determine the effects of the suspected toxic material on normal cells (e.g.. by exposing and grow- 
ing normal cells to the material and assessing the mutational spectrum) and; to compare the two to determine 
causation. 

50 The method of the present invention can be used as a diagnostic tool in forensic, environmental and oc- 
cupational/occupational health contexts. For example, it can be used to establish the relationship, if any, be- 
tween exposure to a potentially genetically toxic substance (e.g.. in community drinking water or soil, in the 
workplace, in urban air) and the presence of an abnormality (e.g., tumors, blood dysphagias, etc.) The present 
method Is also useful in t sting of chemicals, such as drugs, cosmetics, food additives and pesticides, before 

55 they are approved for us by consumers. For exam pi . animals such as rats, mice and rabbits, can be xposed 
to a new product, such as a food additiv , and their DNAanalyz d. by th pr sent method, for mutations. The 
present method can further b used in th area of biotechnology, such as in the study of the relationship be- 
tween amino acid sequence and function of nzymes and other biologically activ proteins or protein-contain- 
ing mat rials. 
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Another useful aspect of the present invention pertains to the identification of mutations, present within 
a first mutational spectrum, which result In a sel ctlve advantage or disadvantage for cells In which the mutation 
is present. Th identification of such mutations requires mutagenesis of a cell population, followed shortly 
5 thereafter by th determination ofa first mutational spectrum. Th cell population is th n xpanded by multlpl 
generation growths, followed by a determination of a second mutational spectrum. By comparing the first mu- 
tational spectrum with the second mutational spectrum, individual mutations can be identified whose frequency 
has increased, or decreased, following multiple generation growths. 

A requirement of this method for detecting mutations which confer a selective advantage or disadvantage 
10 on cells in which they occur, is that the cell population must be suitable for growth in culture. Examples of such 
cells include mammalian cells which can be grown in culture (e.g., HeLa...), other eukaryotic cells which can 
be maintained in culture (e.g., yeast..), and prokaryotic cells (e.g., bacteria). 

A variety of mutagens, well known to those skilled in the art, can be used to introduce mutations into DMA. 
Such mutagens can be introduced into culture medium in an effective amount and duration. Alternatively, puri- 
15 fled DNAcan be treated with a mutagen, followed by transformation ofa suitable cell population. Methods for 
transformation of eukaryotic and prokaryotic cells are also well known to those skilled in the art. 

It is important that the cell population containing mutations be divided into two statistically identical pools, 
a first pool and a second pool. Shortly after treatment of a cell population with a mutagen, or transformation 
ofa cell population with mutagenized DNA, a first mutational spectrum is determined using the method dis- 
20 cussed above. DNA for the first mutational spectrum is isolated from the first pool of cells. The second pool 
of cells is expanded by multiple generation growths. During this period of clonal expansion, cells which contain 
a mutation conferring a selective advantage will grow more quickly than cells not containing such a mutation. 
Consequently, after expansion by multiple generation growths, the percentage of this species of cell in the 
population of cells will increase. Such an increase will be reflected by a relative increase in the mutant hetero- 
25 duplex band intensity of the second mutational spectrum autoradiograms, as compared to the mutant hetero- 
duplex band intensity of the first mutational spectrum autoradiograms (assuming that other factors remain con- 
stant). 

In the converse situation, mutations resulting in a selective disadvantage will be reflected by a relative de- 
crease In the intensity of the mutant heteroduplex band in the autoradiogram of the second mutational spec- 
30 trum when compared to the autoradiogram of the first mutational spectrum (again, assuming that all other fac- 
tors remain constant). 

In some cases, individual mutations may be lethal in a particular cell type. Such lethal mutations are de- 
tectable by the methods of the present invention provided that the mutations are detectable in the first muta- 
tional spectrum. Because the first mutational spectrum is determined shortly after mutagenesis, a lethal mu- 

35 tation generally will not have had sufficient time to exert its biological effect (i.e., cell death). Such mutations, 
therefore, will be represented in the first mutational spectrum. However, following expansion by multiple gen- 
eration growths, lethal mutations, if present, will result in cell death. In such a case, the autoradiographs of 
the second mutation spectrum will show no detectable band corresponding to the heteroduplex bands con- 
taining a lethal mutation present and detectable in the autoradiographs of the first mutational spectrum. 

40 In another aspect, the present invention pertains to the identification of conditional mutations, present with- 

in a first mutational spectrum, which result in a selective advantage or disadvantage for cells in which the mu- 
tation is present, under restrictive environmental conditions. The term "conditional mutation", as used herein, 
refers to a mutation which confers no selective advantage or disadvantage upon cells containing the mutation 
under certain environmental conditions (termed permissive conditions) but does confer such a selective ad- 

45 vantage or disadvantage under certain other environmental conditions (termed restrictive conditions). This as- 
pect of the invention is useful for identifying naturally occurring conditional mutations, or such mutations in- 
duced by treatment with mutagenic agents. 

To identify conditional mutations, a first mutational spectrum is determined. This first mutational spectrum 
is determined using DNA isolated from cells which have not been exposed to restrictive conditions. Following 

50 the determination of the first mutational spectrum, the population of cells is exposed to restrictive growth con- 
ditions followed by multiple generation growths under such restrictive conditions. 

Asecond mutational spectrum is then determined. By comparing autoradiograms from thef irst and second 
mutational spectra, individual mutations can be identified whose frequency has Increased (selectively advan- 
tageous mutants), decreased (selectively disadvantageous mutants), or is und tectable (lethal mutants) fol- 

55 lowing multiple g neration growths under restrictiv conditions. 

The skilled artisan is familiar with growth parameters which can be altered to create restrictive or permis- 
sive conditions. Such parameters include incr ased or decreased temperatur , osmolarity, or pH. Growth in 
d uterium-containing m dia is another parameter which can be adjusted. 

The methods of this invention ar also useful for identifying functional domains within a protein of interest 
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which are sensitive to mutational perturbation. The identification f such functional domains can lead to rational 
approaches to protein engineering. Additionally, the methods are useful for identifying regulatory s quences 
within a gene which ar sensitiv to mutational events. For example, promoter mutations which result in the 
5 termination of transcription of mRNA needing an essential cellular protein, can b Identified. 

The present Invention will now be illustrated by the following Exemplification, which is not to be seen as 
limiting in any way. 

EXEMPUFICATION 

10 

1. MAJEWALS AND METHO^^^ 
Materials 

15 T4 and Taq DNA polymerases were obtained from New England Biolabs (Beverly. MA); Klenow fragment 
of E cqli DNA polymerase I from Bethesda Research Laboratories (Gait hers burg, MD); and modified T7 DNA 
polymerase (or Sequenase™) from US Blochemicals (Cleveland, OH). T7 DNA polymerase (unmodified) and 
2*-deoxynucleoside-5*-triphosphates as 100 mM solutions were obtained from Pharmacia (PIscataway, NJ). 
The oligonucleotides (Synthetic Genetics, CA) used as primers for PGR were the following: 
20 for HPRT exon 3: 

primer P1: 5'-CATATATTAAATATACTCAC-3' 
primer P2: 5'-TCCTGATTTTATTTCTGTAG-3' 
primer P3: 5'-GACTGAACGTCTTGCTCGAG-3' 
for human mitochondrial fragment (299-bp): 
25 primer P4: 5'-GATACTGGCATTTTGTAGAT-3* 

primer P5: 5'-GAATTTTATGGAGAAAGGGA-3' 
for human 45s rRNA fragment (135-bp): 

primer P6: 5'-TAGCCGGGTCACCGGTAGGC-3' 
primer P7: 5'-GGGGAGGTATATCTTTCGCT-3' 
30 To obtain end-labeled fragments, the amplification was carried out using 5'-end-labeled primers (specific 

activity: 150Ci/mmole) using [y-P32]ATP (7000Ci/mmole, New England Nuclear), T4 polynucleotide kinase, and 
the reagents in the 5' end DNA terminus labeling system (Bethesda Research Laboratories). 

Genomic DNA was isolated from exponentially growing male TK6 human lymphoblasts; (Skopek, T.R. et 
aU Biochem^Bipphy^s^ Res^Comr^^^ (1978)), according to the method described by Porteous, 

35 (Spmat. Cell MjDT. Ge^net, (1985)). In this study, the 1 84-bp exon 3 sequence of the X-linked HPRT 

gene was used as template because it contains naturally occurring high and low temperature melting domains 
of 84-bp and 100-bp, respectively (Fig. 1). 

Methods 

40 

The PGR conditions used for T4 DNA polymerase (Keohavong. P. et al., DNA 7:63-70 (1 988)). and for both 
the modified and unmodified T7 DNA polymerases (Keohavong, P. et^al., Gene 71 :211-21 6 (1988)) were similar 
to those described for Klenow fragment (Saiki et aL, Science 230: {350-1354 (1985); ( Mullis et al., Meth.jn 
§D?l(ftlo!Ll§5:335-350 (1987)). A 100 ^il reaction mixture contained: DNA templates (5 ng of genomic DNA or 
45 PGR products after gel purification), 10 mM Tris (pH 8.0), 5 mM MgCl2, 2.7 mM of each dNTP (2.15 mM forT4 
DNA polymerase), 3^M of each primer and, for T4 DNA polymerase, 5% DMSO (volA^ol). Each amplification 
cycle consisted of: (1) boiling the reaction mixture 1 min. (2) primer-template hybridization 1 min at 37** C, (3) 
addition of 0.5 unit of T4 DNA polymerase or 2 units of modified and unmodified T7 DNA polymerases and 2 
min incubation at 37° G. 

50 The conditions for experiments with Klenow fragment were exactly as described in the original method. 
The conditions for Taq DNA polymerase (New England Biolabs) were as follows: a 1 00 fil reaction mixture con- 
tained: 16.6 mM (NH4)2S04, 67 mM Tris-HGI (pH 8.8 at 25*' C). 6.7 mM MgClj, 10 mM pME. 200 ^iM of each 
of the four dNTPs and 1 ^M of each primer. Each amplification cycle consisted of heating the reaction mixture 
at 93* G for 1 min (except 3 min for the first cycle), primer-template hybridization at 53° G for 2 min, and DNA 

55 chain synth sis at 70° G for 2 min. One |aI (2.5 units) of Taq DNA polymerase was added v ry 10 cycl s fol- 
lowing th 2 min incubation at 53° G. 

To maximize th separation of polymerase-induced mutant sequences from the correctly amplified se- 
quences, the PGR products were analyzed as heteroduplex mutant: wild type sequences. 5 x 10* to 5 x 10^ 
cpm of the amplified DNA were diluted in 30 ^li of 400 mM NaGI, 10 mM Tris pH 7.5, 2mM EDTA, boiled 5 min, 
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and allow d to anneal at 65° C for 5 h. Th DNA was r cover d by ethanol precipitation and I ctrophoresed 
on a 12.5% polyacryl amide gel (bis/acryl- 1/37.5) containing a linearly increasing gradient of denatu rant from 
15% (vol/vol) to 30% (vol/vol) (100% denaturant-7M urea and 40% formamlde) (Myers, R.M. _t_al., Methods 
5 iD5^f!]o!-J§§:501-527 (1987)). The gel was run for 15h at 150V, submerged in 60**C TAE buffer (40 mM Tris, 
20rnM NaOAc, 1 mM EDTA pH 8.3). The gel was then fixed in 40% methanol and 5% glycerol, dried, and au- 
toradiographed. 

The gel was dried without fixation with methanol. Radioactive bands were first located by autoradiography 
and excised through the autoradiogram superimposed on the gel. The DNA was electro-el uted from the gel 
10 slices and recovered by ethanol precipitation. 

2. RESULTS 

The DNA amplification was carried out from genomic DNA using primers P1 and P2 which immediately 
15 flanked the human HPRT exon 3 sequence (Fig. 1B) and the following five DNA polymerases: T4. modified 
and unmodified T7. Klenow fragment of Pol I, and Taq. The efficiency of amplification of the expected-size 
224-bp fragment varied according to the type of the DNA polymerase. Efficiency was estimated according to 
the equation: 

(1 + Y)yN = fold amplification, 

20 where Y is the efficiency per cycle and N is the number of cycles performed (Saiki. R.K. ft aL, Science 
230:1350-1354 (1 985)). Efficiencies during the first 20 cycles were estimated to be 90-93% with either modi- 
fied or unmodified T7 DNA polymerases, 88% with Klenow fragment and Taq DNA polymerase. T4 DNA poly- 
merase gave an efficiency of 60%, through 30 cycles. In addition to the expected-size 224-bp fragment, un- 
wanted sequences appeared, especially when using Klenow fragment. The efficiency and yield of amplification 

25 using modified T7 DNA polymerase was exceptional. 30 cycles yielded more than 4 x 10^ fold amplification. 
The high efficiency obtained with modified T7 DNA polymerase probably resulted from its highly processive 
activity (Tabor. S. etal., J. BioL Che m. 262:16212-16223 (1987)); (Tabor, S. etal., froc^ Na«._A(^d^Sci^USA 
84:4767-4771 (1987)). This'enzyme has also been used to amplify several other sequences directly from hu- 
man cells including a 299-bp fragment from the mitochondrial genome (Anderson. S. et^aL, Nature 290:457- 

30 465 (1981)) (Fig. 28, part 1) and a 135-bp fragment from 45s ribosomal RNA genes (Schmickel, R.D. Pediat. 
Res. 7:5 (1973)). Furthermore, these fragments and the 224-bp exon 3 fragment were able to be simultane- 
ousiy amplified in the same reaction mixture containing the three independent pairs of primers. 

The 184-bp exon 3 sequence is composed of 84-bp of high temperature melting domain and 100-bp of 
low temperature melting domain (Fig. 1). Base-pair substitutions and small frameshift mutations throughout 

35 the low temperature melting domain of this sequence have been shown to be separable from the wild type by 
DGGE when first converted into heteroduplex mutant: wild type sequences. To analyze the fidelity of DNA am- 
plification by DGGE, the PGR products were first boiled and reannealed so that each strand of the mutant hom- 
oduplexes was hybri- dized to the complementary strand of the correctly amplified sequences (wild type) pres- 
ent in excess. In this manner, each mutant sequence was expected to be detected as two heteroduplexes, 

40 which would separate further from the wild type than the mutant homoduplex (Myers, R.M. et al. . Cold Spring 
Ha!?>?I Syrpp._Quanj.Bjql. 51 :275-283 (1 986); Tabor, S. etaj,. Proc. NatLAcad.JScj. USA M (1 987)). 

When the exon 3 sequence was separated by DGGE after 10^ and 10^ fold amplification for each DNA poly- 
merase, the wild type sequence focused at 24% of denaturant concentrations, and. in addition, a series of 
bands were observed in lower denaturant concentrations. After 10^ fold amplification (Fig. 3), the number of 

45 such bands varied from three with T4 DNA polymerase to more than a dozen with Klenow fragment and Taq 
DNA polymerase. The individual bands each represented between 1 and 3% of the total radioactive DNA ana- 
lyzed on the gel. Three distinct patterns of mutant bands appeared: (a) with T4 DNA polymerase, (b) with Taq 
DNA polymerase, (c) with modified or unmodified T7 DNA polymerases. The pattern produced by Klenow frag- 
ment, apart from three bands, was identical to that observed with the two T7 DNA polymerases. This suggests 

50 that both the modified and unmodified T7 DNA polymerases and also Klenow fragment generated mutations 
of similar kinds and positions while copying the low temperature melting domain of exon 3. 

The fraction of radioactivity separated as bands by DGGE was estimated by densitometry through conn- 
parison of the intensity of the putative mutant sequences relative to that of the wild type. The densitometric 
scanning yielded an integral total absorbance for the wild type peak and putative mutant heteroduplex region 

55 between the wild type peak and the origin of the gel. Background events such as d purination within homo- 
duplexes were accounted by eluting radioactiv DNA from a wild type peak. Th DNA was boil d, annealed, 
and separated by DGGE. This background fraction, totaling about 4%, was subtract d from the putativ het- 
eroduplex fraction. Thus, the PCR-related mutant fraction (MF) was estimated as: 

MF = (absorbance in heteroduplex region - background absorbance) (1/2)/ (total absorbance). The MF at 
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W and 108 fold amplification wer found to be 0.25% and 1.5% forT4; 3.7% and 4.5% for modified T7; 3.8% 
and 4.7% for unmodified T7; 1 1 % and 1 6% for Klenow fragment; and 31 % and 33% for Taq DMA polymerases. 
The error rate (f) for each DMA polymerase was then estimated according to the equation: 

5 MF = bxfxd 

where b is the number of nucleotides synthesized on both strands of the template for which mutants would be 
detected (2 x 100 nucleotides for the low temperature melting domain of exon 3) and d is the number of dupli- 
cations (10^ and 1 08 fold amplification represented 20 and 26 duplications, respectively). The error rates (mu- 
tations/base/duplication), f, for 10« and 1 0^ fold amplification were found to be 0.6 and 3 (x1 0^) for T4; 9.0 and 

10 8.5 (x10-«) for modified T7: 9.5 and 9.0 (xlO-®) for unmodified T7; 3 (xlO-s) for Klenow fragment; and 7.5 and 
6.5 (xlO-*) for Taq DNA polymerases. 

Each individual band isolated from denaturing gradient gels was amplified an additional 10^ to 10^ fold and 
separated by another DGGE. In the case of the bands 3 and 4 generated by T4 DNA polymerase, this process 
resulted in two major homoduplexes, mutant and wild type. After boiling and annealing, these same DNAgave 

IS rise to two additional bands, expected to correspond to the mutant:wild type heteroduplexes. The factthat both 
bands gave rise to precisely the same pattern of bands after boiling and annealing was consistent with the 
interpretation that they were heteroduplexes formed from the opposite strands of the same mutant homodu- 
plex. Sequence analysis of these mutant homoduplexes showed a G-C to A-T substitution at position 351 (see 
Table 1). Two less intense bands created by T4 DNA polymerase and 14 of the most intense bands created 

20 by Taq DNA polymerase were isolated and sequenced in the same manner. Some of these sequences did not 
yield homoduplexes sufficiently separated from the wild type by DGGE for isolation and, in this case, sequenc- 
ing was carried out using the heteroduplexes. The kinds and positions of the most frequent mutations found 
for T4 and Taq DNA polymerases are summarized in Table 1. All of the mutations determined were found to 
be base-pair substitutions. The three mutations induced by T4 DNA polymerase were G-C to A-T transitions. 

25 Seven mutations appearing with Taq DNA polymerase were found to be A-T to G-C transitions. No additions 
or deletions were detected among the mutations determined. These data showed that T4 and Taq DNA poly- 
merases catalyzed the PCR differently with regard to the kinds of mutations induced in the low temperature 
melting domain of exon 3. T4 DNA polymerase induced a single "hot spot" G-C to A-T transition and Taq DNA 
polymerase induced at least seven different A-T to G-C transitions among the 32 A-T base-pairs in the low 

30 temperature melting domain of exon 3. 
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Table 1. Mutations generated by T4 and Taq DNA polymerases 



DNA polymerases kinds of mutations bands number ^positions 



15 



T4 



G-C to A-T 



319 



20 



3 and 4 



320 



351 



Taq 



A-T to G-C 



337 



25 



30 



399 



334 



333 



371 



10 



358 



35 



11 



393 



40 



* the positions of the mutations in the low tempera- 
ture melting domain of exon 3 were numbered starting 
from the 5' end of the human HPRT cDNA (Patel et 
Somat. Cell^ Mgl. Genet. 10:483 -493 (1984)). 



45 



50 The background of the polymerase-induced mutations is a linniting factor for detecting pre-existing mutants 
present as a small number of copies in ceil populations. In order to probe this limit, HPRT exon 3 was amplified 
using modified T7 DNA polymerase from samples of HPRT wild type cells (Skopek. T.R. et a!. . Biochem. Bio- 
phys. Res. Commun. 84 :411-416 (1978)); containing known fractions of exon 3 mutant cells, HPRT-Munich 
(Cariello, N.F. etah. Am, J. Hum. Genet. 42:726-734 (1988)). Analysis by DGGE showed that a mutant fraction 

55 of 1(H can be detected. To further increase the sensitivity of the protocol, the heteroduplex r gion betw en 
the wild type band and the origin of th gel was excised, th DNA was isolated and amplified an additional 
102 fold. After separation by a second DGGE, one of the wild type: HPRT-Munich het roduplexes present at a 
mutant fraction of 1 0^ was observ d. By comparison with this heteroduplex band, the most prominent mutant 
sequences induced by modifi d T7 DNA polymeras corresponded to mutant fractions of about 2 x 1(H. 
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Claim 

1. A method for determining the identity and frequ ncy of one or more mutations in a DNA sequence of in- 
5 terest comprising: 

a) providing fragmented double-stranded DNA which is a mixture of mutant DNA-containing fragments 
and nonmutant DNA-containing fragments; 

b) denaturing and annealing the double stranded DNA fragment under conditions appropriate for het- 
eroduplex formation; 

10 c) separating the products of step b) by denaturing gradient gel electrophoresis thereby separating het- 

eroduplex from homoduplex molecules; 

d) isolating heteroduplex molecules from the separation described in step c); 

e) amplifying the isolated heteroduplexes by polymerase drain reaction under conditions appropriate 
for polymerization with an error rate of 3 x 1(H errors per base pair or less; 

15 f) denaturing and reannealing the products of step e) under conditions appropriate for heteroduplex for- 

mation; 

g) separating the products of step f) by denaturing gradient gel electrophoresis; 

h) isolating individual heteroduplex species from the denaturing gradient gel; 

i) separately amplifying the individual heteroduplex species isolated in step h) under conditions appro- 
20 priate for polymerization with an error rate of 3x1 errors per base pair or less; 

j) determining the nucleotide sequence of the DNA sequence of interest from each of the separately 
amplified individual heteroduplex species from step i); 

k) comparing the nucleotide sequence of each of the separately amplified individual heteroduplex spe- 
cies determined in step j) with the nucleotide sequence of the nonmutant form of the DNA sequence 
25 of interest to determine the identity and frequency of mutations in the DNA sequence of interest. 

2. A method of claim 1 wherein mutations in the DNA sequence of interest are present at a mutational fre- 
quency of from about 1 to about 1 x 1(H. 



30 



Amethod of claim 2 wherein the double stranded DNA fragment containing the DNA sequence of interest 
is generated by digesting genomic DNA with a restriction endonuclease and isolating the restriction frag- 
ment containing the DNA sequence of interest. 

4. A method of claim 3 wherein the genomic DNA is isolated from a population of cells. 

^ 5, A method of claim 4 wherein the population of cells have been exposed to an agent to be tested for mu- 
tagenic activity. 

6. A method of claim 4 wherein the cell population is a human cell population. 

40 7. A method for identifying a mutation which results in a selective advantage or disadvantage for cells in 
which the mutation is present* comprising: 

a) determining the identity and frequency of mutations in a first sample of a cell population after ex- 
posure to a mutagen by the method of claim 1; 

b) expanding a second sample of the cell population by multiple generation grov/ths; 

45 c) determining the identity and frequency of mutations in the second sample of the cell population fol- 

lowing multiple generation growths by the method of claim 1 ; and 

d) comparing the identity and frequency of mutations identified in step a) with the identity and frequency 
of mutations determined in step c) to identify mutations which result in a selective advantage or disad- 
vantage for cells in which the mutation is present, a decrease in the frequency of a particular mutation 
50 following multiple generation growths being indicative of a mutation which results in a selective disad- 

vantage, and an increase in the frequency of a particularmutation following multiple generation grov^hs 
being indicative of a mutation which results in a selective advantage. 



55 



8. A method of claim 7 wherein the mutation is lethal. 

9, Am thod for identifying a conditional mutation comprising: 

a) providing a cell population; 

b) expanding a first sample of th cell population by multiple generation growths under permissive con- 
ditions; 
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c) xpanding a second sample of the cell population by multiple generation growths under restrictive 
growth condition; 

d) separately determining the identity and frequency of mutations in th first and second samples of 
5 the cell population following multiple generation growths by the method of daim 1 ; and 

e) comparing the identity and frequency of mutations identified in the expanded first sample of the ceil 
population with the identity and frequency of mutations identified in the expanded second sample of 
the cell population, a decrease in the frequency of a particular mutation in the expanded second sample 
relative to the expanded first sample being Indicative of a mutation which results in a selective dlsad- 

10 vantage, and an increase in the frequency of a particular mutation in the expanded second sample rel- 

ative to the expanded first sample being indicative of a mutation which results in a selective advantage. 

10. A method of claim 9 wherein the restrictive condition is selected from the group consisting of increased 
temperature, decreased temperature, increased pH, decreased pH, increased osmolarity, decreased os- 
15 molarity, and the presence of deuterium. 



Patentanspriiche 

20 1. Verfahren zum Bestimmen der Identitat und Hauf igkeit von ein Oder mehr Mutationen in einer Interessie- 
renden DNA-Sequenz, das folgende Schritte aufweist: 

a) Bereitstellen von fragmentierter doppelstrangiger DNA. die eine Mischung aus mutierte DNA ent- 
haltenden Fragmenten und nichtmutierte DNAenthaltenden Fragmenten ist; 

b) Denaturieren und Wiederverbinden des doppelstrangigen DNA-Fragments unter zur Heteroduplex- 
25 bildung geelgneten Bedingungen; 

c) Trennen der Produkte von Schritt b) durch denaturierende Gradienten-Gelelektrophorese, um da- 
durch Heteroduplex- von Homoduplex-Molekule zu trennen; 

d) Isolieren von Heteroduplex-Molekulen aus der in Schritt c) beschriebenen Trennung; 

e) Amplifizieren der isolierten Heteroduplexe durch Pol ym erase- Kettenreaktion unter fur die Polyme- 
30 risation geeigneten Bedingungen miteiner Fehlerrate von 3x 10-* Fehlern pro Basenpaaroderweniger; 

f) Denaturieren und Reassozileren der Produkte von Schritt e) unter fCir die Heteroduplexbildung ge- 
eigneten Bedingungen; 

g) Trennen der Produkte von Schritt f) durch denaturierende Gradienten-Gelelektrophorese; 

h) Isolieren von einzelnen Heteroduplex-Spezies aus dem denaturierenden Gradienten-Gel; 

35 1) separates Amplifizieren der einzelnen in Schritt h) isolierten Heteroduplex-Spezies unter fur die Po- 

lymerisation geeigneten Bedingungen mit einer Fehlerrate von 3 x Fehlern pro Basenpaar Oder 
weniger; 

j) Bestimmen der Nucleotidsequenz der interessierenden DNA-Sequenz aus jeder der separat ampli- 
fizierten einzelnen Heteroduplex-Spezies von Schritt 1); 
40 k) Vergleichen der in Schritt j) bestimmten Nucleotidsequenz jeder der separat amplif izierten einzelnen 

Heteroduplex-Spezies mit der Nucleotidsequenz der nichtimutierten Form der interessierenden DNA- 
Sequenz. um die Identitat und Hauf igkeit von Mutationen in der interessierenden DNA-Sequenz zu be- 
stimmen. 

^ 2. Verfahren nach Anspruch 1 . wobei Mutationen in der interessierenden DNA-Sequenz mit einer Mutations- 
hauf igkeit von ca. 1 bis ca. 1 x KHanwesend sind. 

3. Verfahren nach Anspruch 2, wobei das die interessierende DNA-Sequenz enthaltende doppelstrangige 
DNA-Fragment erzeugt wird durch Schnelden von genomischer DNA mit einer Restriktions-Endonuclease 

^ und Isolieren des Restriktions-Fragments, das die interessierende DNA-Sequenz enthdit. 

4. Verfahren nach Anspruch 3, wobei die genomische DNA aus einer Population von Zellen isoliert wird. 

5. Verfahren nach Anspruch 4, wobei die Population von Zellen einem Agens ausgesetzt worden ist. das 
auf mutagene Aktivitat zu untersuchen ist 

55 

6. Verfahren nach Anspruch 4, wobei die Population von Zellen ein Humanzell population isL 

7. Verfahren zur Identif izierung einer Mutation, die in einem selektiven Vorteil od r Nachteil fur Zellen re- 
sultiert, in denen die Mutation anwesend ist. wobei das Verfahren die folgenden Schritte aufweist: 
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a) Bestimmen d r Id ntitat und Haufigkeit von Mutationen in einer ersten Probe einer 2 llpopulation, 
nachdem diese inem Mutagen ausgesetzt wurde, gemaR dem V rfahr n nach Anspruch 1; 

b) Erweitern einer zweiten Probe der Zellpopulation durch Vielfachgenerationswachslum; 

5 c) Bestimmen der Id ntitat und Haufigkeit von Mutationen In der zweit n Prob der Z llpopulation an- 

schlleSend an das Vielfachgenerationswachstum nach dem Verfahren von Anspruch 1 ; und 
d) Vergleichen der Identltit und HSuf igkeit von in Schritt a) identif izierten Mutationen mit der Identitat 
und Haufigkeit von in Schritt c) bestimmten Mutationen, um Mutationen zu identif izieren, die in einem 
selektiven Vorteil Oder Nachtell fur Zellen resultieren, in denen die Mutation anwesend ist, wobei eine 

10 Abnahme der Haufigkeit einer bestimmten Mutation anschlieRend an das Vielfachgenerationswachs- 

tum eine Mutation bedeutet, die in einem selektiven Nachteil resultiert, und eine Zunahme der Haufig- 
keit einer bestimmten Mutation anschlleRend an das Vielfechgenerationswachstum eine Mutation be- 
deutet, die in einem selektiven Vorteil resultiert. 

Y5 8. Verfahren nach Anspruch 7, wobei die Mutation letal ist. 

9. Verfahren zum Identif izieren einer konditionalen Mutation, das die folgenden Schritte aufweist: 

a) Bereitstellen einer Zellpopulation; 

b) Erweitern einer ersten Probe der Zellpopulation durch Vielfachgenerationswachstum unter permis- 
siven Bedingungen; 

c) Erweitern einer zweiten Probe der Zellpopulation durch Vielfachgenerationswachstum unter einer 
restriktiven Wachstumsbedingung; 

d) separates Bestimmen der Identitat und Haufigkeit von Mutationen in den ersten und den zweiten Pro- 
ben der Zellpopulation anschlie&end an das Vielfachgenerationswachstum nach dem Verfahren von 

25 Anspruch 1 ; und 

e) Vergleichen der Identitat und Haufigkeit von Mutationen, die in der erweiterten ersten Probe der Zell- 
population identif iziert wurden, mit der Identitat und Haufigkeit von Mutationen, die in der erweiterten 
zweiten Probe der Zellpopulation identif iziert wurden, wobei eine Abnahme der Haufigkeit einer be- 
stimmten Mutation In der erweiterten zweiten Probe relativ zu der erweiterten ersten Probe auf eine 

^ Mutation hinweist. die in einem selektiven Nachteil resultiert, und eine Zunahme der Haufigkeit einer 

bestimmten Mutation in der erweiterten zweiten Probe relativ zu der erweiterten ersten Probe auf eine 
Mutation hinweist, die in einem selektiven Vorteil resultiert. 

10, Verfahren nach Anspruch 9, wobei die restriktive Bedingung ausgewahit ist aus der Gruppe, die aus fol- 
gendem besteht: erhohterTemperatur, verringerterTemperatur. erhohtem pH, verringertem pH, erhohter 
Osmolalitat, verringerter Osmolalitat, und der Anwesenheit von Deuterium. 



Revendications 

1. Proc6d6 de determination de I'identit^ et de la frequence d'une ou de plusieurs mutations dans une se- 
quence d'ADN interessante, comprenant les stapes consistant 

a) ^ preparer un ADN d deux brins fragmentd qui est un melange defragments contenant de I'ADN mu- 
tant et de fragments contenant de TADN non mutant; 

b) d d^naturer et k circulariser le fragment d'ADN k deux brins dans des conditk}ns approprl^es pour 
la formation d'h^tdroduplex; 

c) ^ separer les produits de I'^tape b) par eiectrophor^se sur gel k gradient de d^naturation et sSparer 
ainsi les molecules d'h^t^roduplex des molecules d'homoduplex; 

d) d isoler les molecules d'h^t^roduplex issues de la separation d^crite dans retape c); 

e) d amplifier les h^t^roduplex Isolds par reaction de drain de polymerase dans des conditions appro- 
priees pour une polymerisation avec un taux d'erreurs de 3 x 10-^ erreurs par paire de bases ou molns; 

f) d denaturer et recirculariser les produits de I'etape e) dans des conditions appropriees pour la for- 
mation d'heteroduplex; 

g) d separer les produits de retape 0 par eiectrophorese sur gel k gradient de denaturation; 

h) d isoler du gel d gradient de denaturation les spaces d'heteroduplex individuelles; 

i) d amplifier separement I s esp^ces d'heterodupl x individuelless isoiees dans I'etape h) dans des 
conditions appropriees pour une polymerisation avec un taux d'erreurs d 3 x 10-^ par pair d bases 
ou moins; 

j) d determiner la sequence de nucleotides de la sequence d'ADN interessante d partir d chacun des 
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to 



f5 



esp^ces d'h^t^roduplex individuelles amplif ides sdpardment, provenant de I'dtape i); 
k) k comparer la sequence de nucleotides de chacune des espdc s d'hdtdroduplex individuelles anv 
plifi6essdpar6nient.ddt rmin6edansrdtapej),dlas6qu nc d nucleotides de la forme non mutante 
de la sequence d'ADN intdressante, pour determiner I'ld ntlte et la frequence des mutations dans la 
sequence d'ADN interessante. 

2. Procede selon la revendication 1, dans lequel des mutations dans ta sequence d'ADN interessante sont 
pr6sentes ^ une frequence mutationnelle d'environ 1 k environ 1 x 1(H. 

3. Procede selon la revendication 2, dans lequel le fragment d'ADN d deux brins contenant la sequence 
d'ADN interessante est produit par digestion d'ADN genomique avec une endonuciease de restriction et 
par isolement du fragment de restriction, contenant la sequence d'ADN interessante. 

4. Procede selon la revendication 3, dans lequel I'ADN genomique est isol6 k partir d'une population de cel- 
lules. 

5. Procede selon la revendication 4, dans lequel la population de cellules a ete exposee k un agent dont 
I'activite mutagene doit etre testee. 

^0 6. Procede selon la revendication 4, dans lequel la population de cellules est une population de cellules hu- 
maines. 

7. Procede d'identif ication d'une mutation qui conduit k un avantage ou k un Inconvenient setectif pour les 
cellules dans lesquelles la mutation est presente, comprenant les etapes consistant 
25 a) k determiner I'identite et la frequence des mutations dans un premier echantillon d'une population 

de cellules, aprfes exposition k un mutagene, par le procede selon la revendication 1; 

b) k developper un second echantillon de la population de cellules par des croissances de generations 
multiples; 

c) k determiner I'identite et la frequence des mutations dans le second echantillon de la population de 
30 cellules, k la suite des croissances de generations multiples, par le procede selon la revendication 1; 

et 

d) k comparer I'identite et la frequence des mutations Identifiees dans I'etape a) k I'identite et k la fre- 
quence des mutations determinees dans I'etape c), pour identifier les mutations qui conduisent k un 
avantage ou k un inconvenient seiectif pour les cellules dans lesquelles la mutation est presente, une 

35 baisse de la frequence d'une mutation particuliere k la suite des croissances de generations multiples 

indiquant une mutation qui conduit k un inconvenient seiectif, et une elevation de la frequence d'une 
mutation particuliere k la suite des croissances de generations multiples indiquant une mutation qui 
conduit k un avantage seiectif. 

4Q 8. Procede selon la revendication 7, dans lequel la mutation est letale. 

9. Precede d'identif Ication d'une mutation conditionnelle, comprenant les etapes consistant 

a) k preparer une population de cellules; 

b) k developper un premier echantillon de la population de cellules par des croissances de generations 
multiples dans des conditions permissives; 

c) k developper un second echantillon de la population de cellules par des croissances de generations 
multiples dans une condition de croissance resfrictive; 

d) k determiner separement Tidentite et la frequence des mutations dans les premier et second echan- 
tillons de la population de cellules k la suite des croissances de generations multiples, par le precede 
selon la revendication 1; et 

e) k comparer I'identite et la frequence des mutations identifiees dans le premier echantillon developpe 
k I'identite et k la frequence des mutations Identifiees dans le second echantillon developpe de la po- 
pulation de cellules, une baisse de la frequence d'une mutation particuliere dans le second echantillon 
developpe par rapport au premier echantillon developpe indiquant une mutation qui conduit k un in- 
convenient seiectif, et une elevation de la frequence d'une mutation particuliere dans le second echan- 
tillon developpe par rapport au premier echantillon developpe indiquant un mutation qui conduit k un 
avantage seiectif. 

10. Procede selon la revendication 9, dans lequel la condition restrictiv st choisie dans le groupe constitue 
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par une temp^ratur 61 v6 , une temperature abaiss6 , un pH augments, un pH rdduit, une osmolarit6 
augments , un osmolaritd diminu^e at la presence de deuterium. 
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Cells or tissue 



1. 



Isolation 



Genomic DNAtobe analyzed 



2. 



Restriction digestion,etc 



Fragmented DNA 



3. 



Separation by size (optional) 



Purer DNA fragments 



Elute from gel; boil, reanneol 





Mutant heteroduplexes $ 
Non mutant homoduplexes 






5, 


Separation of hetero-from homo- 
duplexes by denaturing gradient ge 


Separated heteroduplexes and homoduplexes 





Excise and elute 



7A. 



Mutant heteroduplexes 



Use of high 
sensitivity 
detection 
system 



Separated ^ 
visualized 
mutant bands 



High fidelity DNA amplification ; 
labelling 

Boil, reanneol with excess wild type DNA 



Lorge number of 
mutant heteroduplexes 



8. 



Separation by denaturing gradient gel 



Separated mutant bands 



Visualize and excise mutant bonds; 
Reomplify and sequence mutant 
bonds iterotively 



Reomplify and sequence 



Mutational spectrum of cells or tissue 
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intron 2 



exon 3 ( 184 bp) 



Intron 3 
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